In the present work, defects created by implantation of hydrothermally grown ZnO single crystals of high quality with H + ions were investigated by positron annihilation lifetime (LT) spectroscopy combined with measurements of optical transmittance (OT) and photoluminescence (PL). First, zinc vacancies attached with one hydrogen impurity (V Zn -1H) atom were identified in the virgin ZnO single crystal. The ZnO single crystals were then bombarded by H + ions with the energy of 2.5 MeV to the fluence of 10 16 cm -2 . It was found that V Zn -V O divacancies were introduced into ZnO by H + -implantation. Effects of H + -implantation on the optical activity of defects in ZnO lattice are characterised in the light of the present OT and PL data.
Introduction
ZnO is a direct band gap semiconductor with a wide band gap of E g ≈ 3.4 eV (at ambient temperature) which exhibits simultaneously a large exciton binding energy of E ex ≈ 60 meV [1] . High-quality bulk ZnO single crystals grown by pressurised melt growth (MG) and hydrothermal growth (HTG) are nowadays readily available. Because of these favourable properties, ZnO receives great attention as a material suitable for many applications: UV light emitting diodes, optoelectronic devices, transparent electrodes for solar cells, gas sensors, and others. ZnO has some advantages over GaN, another wide band gap semiconductor which is widely used in optoelectronics. It is generally recognised, that functionality of zinc oxide is closely related to its optical and electrical characteristics. These in turn may be driven by point defects and their agglomerates with impurity atoms. Among the native impurities relevant to zinc oxide, hydrogen has to be given special attention. It was clearly demonstrated in Ref.
[2] that, regardless of the crystal growth technique used, hydrogen can be easily incorporated into ZnO lattice where it can form a shallow donor state [3] . It is thus very important to understand hydrogen behaviour in zinc oxide.
It was likewise pointed out in Ref.
[2] that various types of zinc vacancy (V Zn ) complexes with hydrogen atoms may exist in ZnO and have to be taken into considerations, especially for the HTG materials. In this respect, it is interesting to compare an effect of the H + -ion implantation on the properties of zinc oxide with that originated from a presence of native hydrogen. In the present work, therefore, HTG ZnO single crystals were implanted with MeV protons. Defects created by the implantation were then studied by means of positron lifetime (LT) spectroscopy combined with complementary methods -optical transmittance (OT) and photoluminescence (PL). The present work is a continuation of previous studies on hydrogen interactions in ZnO bulk crystals performed in our group (see e.g. Refs. [4] [5] [6] [7] ) as well as by others [8] .
Experimental
Sample preparation. Commercial HTG ZnO (0001) single crystals with size of 10×10×0.5 mm 3 (MaTecK GmbH) were investigated in the present work. The crystals were O-terminated and had their surfaces optically polished. The microstructure of the as-grown crystals was characterised first. Then, one face of the crystals was modified by irradiation with 2.5 MeV protons to the fluence of 10 16 cm −2 using the Tandetron facility at NPI Řež. Cooling of the samples during irradiation ensured that the sample temperature could not exceed 100 °C. The depth profiles of concentrations of implanted protons, c H , and irradiation induced vacancies, c V , were simulated using the SRIM code [9] . In Fig. 1 , the results of SRIM simulations are plotted against the depth in the ZnO single crystal and compared with the implantation profile P of 22 Na β + particles. To a good approximation, P drops exponentially with increasing penetration depth z, i.e. P ~ exp(−z/z 0 ), where the mean positron penetration depth, z 0 , is determined by the β + end-point energy and the stopping material density [10] . The mean penetration depth of 22 Na β + particles in zinc oxide amounts z 0 ≈ 48 µm. It can be seen from Fig. 1 that structure modifications of ZnO single crystals induced by the 2.5 MeV proton irradiation edge at a depth of ≈ 40 µm. Since a portion of ≈ 57 % of 22 Na β + particles is stopped within this thickness, LT measurements become applicable for the investigation of irradiation induced defects in this case. Experimental methods. PAS is a well recognized experiment tool for non-destructive studies of electronic structure and open-volume defects (vacancies, dislocations, vacancy clusters, etc.) in semiconductors [10] . Energetic positrons emanated from a radioactive source (typically 22 Na) penetrate into the studied material where they become quickly thermalised. A portion of thermalised positrons can get localised (trapped) at defects. Eventually, thermalised positrons annihilate an environmental electron. Each kind of annihilation sites (delocalised or trapped positrons) is characterised by a unique positron lifetime, the longer lifetime corresponding to the larger open volume inherent to the site. Observed LT spectrum becomes thus a superimposition of several exponential decay components, the intensities of individual components being a measure of defect concentrations. Reliable ab-initio theoretical modelling of positron characteristics for ZnO perfect lattice as well as various defect configurations is also feasible [7, 11] . Such a theoretical approach may substantially contribute to unique interpretation of the experimental LT results.
Depth [µm]
Positron source for the present LT measurements comprised of ≈ 1 MBq of carrier-free 22 Na 2 CO 3 activity (iThembaLABS) sealed between 2 µm Mylar ® C foils (Dupont). The source was tightly sandwiched by two pieces of ZnO crystals. LT spectra were measured with a BaF 2 digital LT spectrometer [12] exhibiting a time resolution of 145 ps (FWHM for 22 Na). The LT measurements were conducted in air at room temperature. At least 10 7 coincidence events were collected in each
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Diffusion in Solids and Liquids X LT spectrum. The decomposition of LT spectra into discrete exponential components was carried out by means of a code [13] based on maximum likelihood principle. Contribution of positron annihilations in the positron source and covering foils was determined on the basis of the LT measurements with the well-annealed α-iron reference sample and the method [14] of recalculation for ZnO. In this way, the positron source and covering foils were found to contribute to the measured LT spectra of ZnO by two weak components of lifetimes (relative intensities) 0.368 ns (9 %) and 1.8 ns (2 %). Measurements of OT were carried out at room temperature within the wavelength range from 340 to 880 nm using a Spekol instrument equipped with a white light source and a grating monochromator. No correction of the transmitted light intensity for the changes of the reflectivity with the wavelength has been performed since, to a first approximation, the reflectivity of each crystal was assumed not to be dependent of the wavelength.
PL measurements were performed at room temperature using an apparatus composed of an Olympus IX-71 inverted microscope with an Ealing 25×/0.4 mirror objective lens and an ARC SP-2300i imaging spectrometer. Samples were irradiated by 325 or 310 nm photons generated by an UV LED lamp. Luminescence was detected by a LN-cooled back-illuminated CCD. The imaging system exhibited the lateral resolution of ≈ 0.5 µm.
Results and Discussion
Up to the two exponential components originating from positron annihilations in the sample could be recognised in the measured LT spectra. In Table 1 Figure 2 . The optical transmittance and the squared absorption coefficient, α 2 , plotted against the wavelength, λ, and the photon energy, E λ , respectively.
In Fig. 2 , the left panel, optical transmittance measured for the virgin as well as H + -implanted ZnO single crystals was plotted against wavelength λ. The transmittance of the virgin single crystal exhibits an abrupt onset at a wavelength of ≈ 390 nm passing immediately to a sharp increase with increasing wavelength up to ≈ 60 % at ≈ 420 nm. Then the slope of transmittance is gradually diminished. Above ≈ 550 nm wavelength, only a very slow and almost linear increase of transmittance with increasing wavelength is observed up to a transmittance value of ≈ 80 % at ≈ 880 nm, see Fig. 2 .
The transmittance observed for the H + -implanted single crystal is closely similar to that found for the virgin single crystal, except for the 400 to 550 nm wavelength range (Fig. 2) . At ≈ 400 nm (≈ 25 % transmittance), the observed transmittance suddenly lowers its slope compared to the virgin crystal and continues to grow roughly linearly up to a value of ≈75 % at ≈ 550 nm. Above ≈ 550 nm wavelength, the transmittances of the virgin and irradiated single crystals become again almost identical. Thus the data of Fig. 2 , the left panel, suggest that the implantation of the ZnO single crystals with 2.5 MeV protons brings into the material defects which are optically active in the violet -blue -green spectral region. Obviously, point defects cause this absorption, because irradiations of the ZnO lattice by 2.5 MeV protons, i.e. protons with relatively low energy, are expected to introduce only defects of atomic size (zinc or oxygen monovacancies, interstitials, divacancies). Of these defects, however, only zinc monovacancies and V Zn -V O divacancies could be detected in LT measurements.
On the basis of considerations presented in Refs. [15, 16] , we make use of the plot of the squared absorption coefficient, α 2 , versus the photon energy of wavelength λ, E λ , to estimate the optical band gap energy, E g opt , in ZnO. The α 2 -values deduced from the present transmittance data for the virgin and H + -implanted samples are displayed as functions of E λ in the right panel of Fig. 2 . The E g opt -values are obtained as the cross points of the extrapolated linear parts of the plots with the abscissa, see Fig. 2 . The values of E g opt = 3.19 and 3.17 eV were deduced for the virgin and H +implanted samples, respectively, i.e. remarkably lower E g opt -values compared to the nominal band gap energy, E g = 3.37 eV [17] . These differences indicate that optically active defects are present in both the virgin and irradiated sample. On the other hand, only relatively small difference between the E g opt -values for the virgin and irradiated ZnO was found.
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In Fig. 3 , PL spectra measured on the virgin and H + -implanted samples are displayed as functions of wavelength λ. A well-pronounced green emission (GE) band with a broad maximum at ≈ 550 nm is clearly observed for the virgin single crystal. The GE becomes strongly suppressed in the H + -implanted single crystal (Fig. 3) . Despite of numerous investigations, the nature of the GE in ZnO remains still a matter of debate, see e.g. Ref. [18] . Nevertheless, the present PL data show that the GE is quenched by H +implantation, see the dashed line in Fig. 3 which is on the level of scattering background of the spectrometer. This quenching is probably a consequence of an enhanced concentration of implantation induced defects which provide a channel for non-radiative recombination of charge carriers.
Summary
In the present work, the hydrothermally grown ZnO single crystals were implanted with 2.5 MeV protons. The as-grown as well as implanted samples were studied using positron lifetime spectroscopy, optical transmittance and photoluminescence methods.
The grown in V Zn defects attached with one hydrogen atom were identified in the positron lifetime spectra of both the as-grown and irradiated sample. In the proton implanted ZnO, in addition, the irradiation induced V Zn -V O divacancies were observed. The optical methods revealed a presence of optically active defects in both virgin and irradiated specimen. The irradiation induced defects were found to decrease the optical transmittance in the violet -blue -green region between 400 and 550 nm wavelengths. The photoluminescence data showed a strong suppression of green emission in the irradiated sample which is obviously to be ascribed to enhanced concentration of irradiation induced defects.
Irradiation induced surface modifications of ZnO materials should be regarded as a perspective tool of tailoring functional material properties. In this respect, further defect studies involving other irradiation species (e.g. ≈ 10 MeV energetic electrons, heavy ions) may become of interest. 
